Sarcoidosis is characterized by noncaseating granulomas with an unknown cause that present primarily in the lung. Propionibacterium acnes, an immunogenic commensal skin bacterium involved in acne vulgaris, has been implicated as a possible causative agent of sarcoidosis. Here, we demonstrate that a viable strain of P. acnes isolated from a patient with sarcoidosis and instilled intratracheally into wild-type mice can generate pulmonary granulomas similar to those observed in patients with sarcoidosis. The formation of these granulomas is dependent on the administration of viable P. acnes. We also found that mice deficient in the innate immunity adapter protein MyD88 had a greater number and a larger area of granuloma lesions compared with wild-type mice administered P. acnes. Early after P. acnes administration, wild-type mice produced proinflammatory mediators and recruited neutrophils into the lung, a response that is dependent on MyD88. In addition, there was an increase in granuloma number and size after instillation with P. acnes in mice deficient in CybB, a critical component of nicotinamide adenine dinucleotide phosphate oxidase required for the production of reactive oxygen species in the phagosome.
Clinical Relevance
The cause of sarcoidosis is unknown; however, Propionibacterium acnes has been identified in the granulomas of patients with sarcoidosis. Demonstrating a novel model of granuloma formation in mice using a clinically relevant strain of P. acnes supports the idea of a bacterial component of sarcoidosis disease pathology.
Sarcoidosis is a systemic disease with an unknown cause that is characterized by noncaseating granulomas found primarily in the lung; however, these granulomas are also commonly found in the liver, skin, lymph nodes, eyes, and heart. These granulomas are composed of multinucleated giant cells, macrophages, and lymphoid cells, and although the exact cause of sarcoidosis is unknown, it is thought to result from the combination of genetic susceptibility and exposure to a specific antigen, either environmental or infectious (1) . Propionibacterium acnes has been implicated in the development of sarcoidosis because frequently it can be cultured out of the lymph nodes of patients with sarcoidosis (2) and it has been localized within sarcoidosis granulomas (3) . In addition, P. acnes has been indicated as driving differential cytokine responses in the peripheral blood mononuclear cells of patients with sarcoidosis (4) . However, the role of P. acnes in sarcoidosis is contentious because it is viewed primarily as commensal skin bacteria (5) and it is also cultured occasionally out of the lymph nodes of healthy control patients (2) .
Some granuloma-producing animal models of sarcoidosis using different bacteria and bacterial products have been proposed; however, there is yet to be a consensus on the ideal animal model (6) (7) (8) (9) . The anaerobic gram-positive P. acnes is the strongest bacterial candidate for a causative agent of sarcoidosis (10) because it is the only bacterium to be cultured from sarcoidosis lesions (2) and it has been localized within sarcoidosis granulomas (3) . Previous models of sarcoid-like granuloma formation have been developed using heat-killed P. acnes; however, the use of heat to kill bacteria may denature bacterial surface proteins and runs the risk of generating an artificial immune response (11) . In addition to relying on heat-killed P. acnes, these models require adjuvants and multiple administrations of heat-killed P. acnes in a 2-to 8-week sensitization period before challenge with heat-killed P. acnes (6, 7, 12) . Although the requirement of multiple sensitizations may represent the inherent intricacies of developing a mouse model of a chronic disease within the dynamic pulmonary environment, it may also complicate the model unnecessarily through the addition of multiple time points. Furthermore, the granuloma response in these models is not robust or well quantified, and the mechanisms of this granuloma formation are not addressed.
For these reasons, it is imperative to design a mouse model of the initial stages of granuloma formation using a single dose of live P. acnes to retain the original structure of bacterial surface antigens. We show that viable P. acnes isolated from the lymph node of a patient with sarcoidosis and administered intratracheally to mice results in the formation of pulmonary granulomas in wild-type mice. Using this model, we show that MyD88, an adapter for Toll-like receptor (TLR)/IL-1-like receptor signaling, and CybB (also known as Nox2), a major component of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), are critical in granuloma development. Some of the results of these studies have been reported previously in the form of abstracts (13, 14) .
Materials and Methods

Animals
Wild-type (Wt) (C57BL/6), Myd88
and Cybb 2/2 mice (both on a C57BL/6 background) were bred and maintained in a specific pathogen-free environment at the Animal Care Facility of the University of Michigan. Mice between 6 and16 weeks of age were used for experiments. All animal studies were reviewed and approved by the University of Michigan Committee on the Use and Care of Animals.
P. acnes Culture
A clinical isolate of P. acnes was cultured from a patient with sarcoidosis lymph node as reported previously (15) . P. acnes was grown anaerobically in Schaedler broth (Sigma, St. Louis, MO) at 37 8 C and frozen at 280 8 C in 1:10 Glycerol (Fisher, Waltham, MA) in phosphatebuffered saline (Gibco, Carlsbad, CA) until administration.
In Vivo P. acnes Administration P. acnes culture aliquots were thawed, washed, and suspended in 10 ml of Schaedler broth (Sigma) anaerobically for 3 hours at 37 8 C. The mice were then anesthetized with isoflurane and intratracheally administered 10 9 CFU in phosphate-buffered saline (Gibco) of either viable or heat-killed (60-80 8 C for 30 min) P. acnes in 50 ml. After 9 days, the mice were killed, and the size and number of granulomas in the lung were quantified with pattern recognition software (see online supplement).
P. acnes Immunohistochemistry
An antibody specific to P. acnes (PAB) was developed and produced as described previously (3) . Both naive mice and mice 9 days after P. acnes administration were killed, and the lungs were removed. Individual sections of the whole lung were fixed and imbedded flat in paraffin in preparation for sectioning. Serial sections of the lung tissue were cut and were stained with PAB and hematoxylin and eosin as described previously (3) .
Flow Cytometry
The mice were killed at 0, 3, and 9 days after P. acnes administration, and the lungs were removed and digested with collagenase (Sigma) as described previously (16) . A single-cell suspension was prepared, and Fc receptors were blocked with CD16/32 (eBioscience, San Diego, CA), and viable cells were stained with Live/Dead (Invitrogen, Carlsbad, CA). The cells were then stained with surface markers (see online supplement). Cells were then fixed using the Cytofix/Cytoperm kit from Becton, Dickinson and Co. (Franklin Lakes, NJ).
P. acnes Viability Studies
The mice were killed at 0 and 3 days after P. acnes administration, and lungs were removed, homogenized, plated on Schaedler agar (Sigma), and then grown anaerobically at 37 8 C.
Data Analysis
All analysis was performed using Prism 7 (GraphPad Software, Inc., San Diego, CA). Normal Gaussian distribution was determined by the D'Agostino-Pearson omnibus test. Normal data were analyzed using unpaired two-tailed t tests, one-way analysis of variance, or two-way analysis of variance, as appropriate. Welch's correction was used in data sets with unequal SDs. Nonparametric data were analyzed using the Mann-Whitney U test and the Kruskal-Wallis test, as appropriate.
Results
Intratracheal Administration of Viable P. acnes Produces Sarcoid-Like Pulmonary Granulomas in Wild-Type Mice
Wild-type (Wt) mice were administered viable P. acnes intratracheally, and granulomas were observed in their lungs ( Figure 1A , bottom left, and right) but not in the naive Wt control mice ( Figure 1A , top left). The compact organization of epithelioid macrophages and lymphoid cells can be observed at a higher magnification ( Figure 1A, right) . To quantify the size and number of granulomas in the lungs after P. acnes inoculation, we used the pattern-matching software Spatially Invariant Vector Quantization (SIVQ). This program allows for novel identification of user-generated patterns irrespective of spatial organization, by allowing for rotational sampling (17) . In addition, SIVQ also automatically calculates the area of these patterns (18) , allowing for objective and automated granuloma quantification by number ( Figure 1B ) as well as area ( Figure 1C ). Administration of P. acnes to Wt mice resulted in an average of 41 granulomas and 1 mm 2 of granulomas in a 600-mm section of lung analyzed every 200 mm, compared with uninfected control lungs ( Figures 1B and 1C) . Moreover, after enzymatic dispersion of naive and P. acnes-administered lungs, there was an increase in CD4
1 T cells ( Figure 1D ), and both CD4
1 and CD8 1 T cells isolated from the lungs of mice administered P. acnes produced more IFN-g (see Figure E1 in the online supplement). There was no change in the number of T cells producing either IL-2 or IL-4 after P. acnes administration (data not shown). In addition, there was an increase in alveolar macrophages, tissue macrophages/monocytes, and dendritic cells after treatment with P. acnes ( Figure 1E ). The increase in myeloid cells and CD4
1 T cells, as well as the increase in IFN-g-producing CD4
1 cells in the lung, mirrors the cellular composition of granulomas and the localized Th1 cytokine production observed in patients with sarcoidosis (19, 20) . Furthermore, the administration of an additional clinical isolate of P. acnes to Wt mice also drove granuloma formation ( Figure E2 ). These data indicate that a single dose of viable P. acnes can initiate a granuloma response in the lung.
Viability of P. acnes Is Key to Granuloma Formation
Wt mice were administered either viable P. acnes or an identical dose of heat-killed P. acnes, and the mice receiving nonviable heat-killed P. acnes had smaller and fewer granulomas through SIVQ analysis compared with Wt mice administered viable P. acnes (Figures 2A and 2B) . The number and area of granulomas detected in mice administered a single dose of heat-killed P. acnes were similar to those detected in naive Wt mice (Figures 1B and 1C) and are indicative of background levels of SIVQ. These data indicate that Generation of early pulmonary granuloma model. Wild-type (Wt) mice were administered 10 9 viable Propionibacterium acnes intratracheally and were killed after 9 days to generate a mouse model of sarcoid-like granuloma formation. Naive Wt mice were used as control mice. (A) Naive (top left) and P. acnes-administered Wt mouse lungs (bottom left) were removed, fixed, embedded, and examined for granulomas (black arrowheads) via hematoxylin and eosin staining at low magnification. Scale bars: 600 mm. At higher magnification in P. acnes-administered mice (right),
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P. acnes viability is crucial to singlechallenge granuloma development in Wt mice.
Mice Deficient in MyD88 Have Enhanced P. acnes-Driven Granuloma Development
Because granuloma formation was shown to rely on P. acnes viability, we wished to explore the role of innate immunity in P. acnes-driven granuloma formation, because previous reports have linked TLR gene polymorphisms to the development of granulomatous diseases (21, 22) . To determine whether multiple TLR deficiencies potentially play a role, we administered viable P. acnes to Myd88 2/2 mice intratracheally. MyD88 is a signaling adaptor protein for multiple members of the TLR/IL1R superfamily pathways and is critically important for antimicrobial host defense (23) . The lungs from Myd88 Figure 1A , bottom left). Under higher magnification, epithelioid macrophages and lymphoid cells could also be seen in Myd88 2/2 mice ( Figure 3A , right). In addition, Myd88 2/2 mice administered P. acnes had three times the number ( Figure 3B ) and five times the area ( Figure 3C ) of granulomas of Wt mice administered P. acnes. Similar to P. acnes-treated Wt mice, after enzymatic dispersion, Myd88 2/2 mouse lungs had increased amounts of CD4 1 T cells ( Figure 3D ), as well as alveolar macrophages, tissue macrophage/monocytes, and dendritic cells ( Figure 3E ). These data suggest that the innate host defense adapter protein MyD88 is key to controlling granuloma development, and in its absence, granulomas increase in both number and size.
Administration of P. acnes Drives Early MyD88-Dependent Proinflammatory Mediator Production in the Lungs
On the basis of the increased granuloma formation observed in Myd88 2/2 mice after P. acnes treatment, we hypothesized that innate myeloid cell types may play a role early in the development of granulomas. Single-cell suspensions were prepared from enzymatically digested mouse lungs at several time points after P. acnes administration. Three days after P. acnes administration, there was a significant increase in neutrophils in the lungs of Wt mice; however, this response was abrogated in Myd88 2/2 mice, whereas the number of other myeloid cells remained similar ( Figure 4A ). We also observed that neutrophil chemoattractants CXCL1 and CXCL2 (24, 25) , as well as proinflammatory IL-1a (26) , were produced rapidly after P. acnes administration in Wt mice lung homogenates, and all were reduced significantly in Myd88 2/2 lung homogenates ( Figure 4B ). Tumor necrosis factor-a (TNF-a), CC chemokine ligand 2, and IL-17A were not detected in response to P. acnes treatment in the lung (data not shown). These data suggest that a deficiency in Myd88-dependent proinflammatory pathways results in increased granuloma formation in the lung through the reduction of bacterial-driven neutrophil recruitment.
Neutrophil Depletion Had No Effect on Granuloma Formation
Because Wt mice had a large influx of neutrophils after P. acnes treatment but Myd88 2/2 mice did not, we hypothesized that a lack of neutrophils may drive granuloma formation. To test this, we depleted neutrophils in Wt mice using an anti-Ly6G depleting antibody (1A8) the day before P. acnes treatment and then every other day until the mice were killed. The mice treated with 1A8 had no increase in granuloma number or size, although they had significant depletion of neutrophils ( Figure E3 ). These data indicate either that neutrophils do not play a central role in the prevention of granuloma formation or that other cell types are able to compensate for neutrophil functions in neutrophil-depleted mice.
Inability To Produce Reactive Oxygen Species Promotes Increased Granuloma Formation
On the basis of the defective proinflammatory signaling in Myd88 2/2 mice and the requirement of P. acnes viability in generating a granulomatous response, we hypothesized that bacterial killing and clearance were key to granuloma viable or heat-killed P. acnes intratracheally and were killed after 9 days. Granuloma (A) number and (B) area from Wt mice were quantified using pattern recognition software SIVQ from three tissue sections 200 mm apart; each individual data point represents the average of those measurements per mouse. Statistical significance was determined using unpaired t tests. **P , 0.01. HK, heat killed; Pa, P. acnes.
formation. To test this, we used Cybb
mice that lack CybB/Nox2, a critical component of phagosome NADPH oxidase, crucial for bacterial killing and clearance in the lung through the production of reactive oxygen species (ROS) (27, 28) . The Cybb 2/2 mice generated enhanced granulomas in response to P. acnes ( Figure 5A 
granulomas were composed of epithelioid macrophages and lymphoid cells ( Figure 5A, right) . Giant cells, characteristic of granulomas (29), can also be identified in Cybb 2/2 mice administered P. acnes ( Figure 5A, right) . Similar to that which we observed in Myd88 2/2 mice, the administration of P. acnes to Cybb 2/2 mice resulted in a fourfold increase in granuloma number ( Figure 5B ) and an 18-fold increase in granuloma area in Cybb 2/2 mice compared with Wt mice ( Figure 5C ). Similar to Wt and Myd88 2/2 mice, Cybb 2/2 mice had an increase in CD4
1
T cells ( Figure 5D ), as well as in tissue macrophages/monocytes and dendritic cells ( Figure 5E ). However, unlike Myd88 Because of the increased number and size of granulomas in Myd88 2/2 ( Figure 3 ) and Cybb 2/2 mice ( Figure 5 ), we hypothesized that bacterial persistence either through lack of killing or clearance of P. acnes antigen was driving granuloma formation. Serial sections of P. acnes-treated lung tissue from Wt, Myd88
2/2
, and Cybb 2/2 mice were stained with hematoxylin and eosin ( Figures 6A-6C, left) to identify granulomas and a P. acnes-specific stain (3) (Figures 6A-C, right, and bottom) . Despite Figure 3 . Increased granulomas in Myd88 2/2 mice. Myd88 2/2 mice were administered 10 9 viable P. acnes intratracheally and were killed after 9 days to test the role of MyD88 in granuloma formation. Naive Myd88 2/2 mice were used as control mice. (A) Naive (top left) and P. acnes-administered (bottom left) Myd88 2/2 mouse lungs were removed, fixed, embedded, and examined for granulomas (black arrowheads) via hematoxylin and eosin staining at low magnification (left). Scale bars: 600 mm. At higher magnification in P. acnes-administered mice (right), epithelioid macrophages (red arrowhead) and lymphoid cells (blue arrowhead) can be observed. Scale bar: 200 mm. Granuloma (B) numbers and (C) area were quantified using pattern recognition software SIVQ from three tissue sections 200 mm apart; each individual data point represents the average of those measurements per mouse. (D and E) Naive and P. acnes-administered lungs from Myd88 2/2 mice were perfused with phosphate-buffered saline, digested into single-cell suspensions, analyzed for cell type composition via flow cytometry, and gated as described in MATERIALS AND METHODS. The number of total viable (D) lymphoid and (E) myeloid cells is shown. Lymphoid cells are CD4 1 , CD8 1 T cells, and B cells; myeloid cells are AM, TM/MO, DC, and PMN. Statistical significance was determined using unpaired t tests (B), Mann-Whitney tests (C), and multiple t tests (D and E). **P , 0.01, ***P , 0.005, and ****P , 0.0001.
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the presence of granulomas, almost no P. acnes bacteria were detected in the lungs of Wt administered P. acnes ( Figure 6A) , and all these were localized within granulomas. In contrast, numerous P. acnes bacteria were observed in Myd88 2/2 mice ( Figure 6B ) and, to a much greater extent, in Cybb 2/2 mice ( Figure 6C ), compared with Wt mice. Interestingly, P. acnes-specific staining can be observed intracellularly in Cybb 2/2 mice ( Figure 6C ). No P. acnes-specific staining was observed in any strain (Wt, Myd88 2/2 , Cybb
2/2
) of uninfected mice (data not shown). These data indicate that P. acnes antigen, from either live or dead bacteria, continues to persist in the lungs of Myd88 2/2 and Cybb 2/2 mice after Wt mice have almost completely cleared P. acnes from their lungs. To quantify the number of viable bacteria in the lungs of mice treated with P. acnes, we homogenized the lungs of Wt, Myd88 2/2 , and Cybb 2/2 mice early after P. acnes administration and plated the lung homogenate; colony-forming units were enumerated after 2 weeks of anaerobic growth. We observed that both knockout strains had significantly higher levels of viable P. acnes in their lungs after P. acnes treatment compared with the levels in Wt mice ( Figure 6D ). Moreover, there was a trend toward increased bacterial burden in the lungs of Cybb 2/2 compared with Myd88
mice, although the differences that were observed did not reach statistical significance. Collectively, these data suggest that defects in bacterial killing or clearance in the lung drive the initial steps of granuloma formation.
Discussion
P. acnes has been linked clinically with the granuloma-forming disease sarcoidosis (3) . Previous mouse models of sarcoid-like granuloma formation have required heatkilled bacteria and multiple sensitization procedures to produce granulomas (6) (7) (8) 12) . However, without the use of adjuvants, immune priming, or bacterial manipulation, we were able to produce a model of the initial stages of pulmonary granuloma formation using a single challenge of viable P. acnes. By placing living, whole, and unmodified P. acnes directly into the lungs of Wt mice, we mimicked the most likely route of exposure of P. acnes to the pulmonary microenvironment. Wt mice administered one dose of heat-killed bacteria in our model did not form granulomas ( Figures  2A and 2B ). This lack of multiple doses or use of adjuvants in our model may explain why other models using multiple doses of heat-killed bacteria were able to observe granuloma formation (6, 7) . Viable bacteria appear to be critical for the formation of granulomas in Wt mice in a single-dose challenge model. Intratracheal administration of viable P. acnes into the lungs of Wt mice produces pulmonary granulomas with a compact organization of epithelioid macrophages surrounded by lymphoid cells (Figure 1A) , and these granulomas can be quantified in both number and size by using SIVQ software (Figures 1B and 1C) . The macrophages in granulomas are often said to be epithelioid when their morphology resembles epithelial cells with elongated nuclei and diffuse cell borders ( Figure 1A) , which often fuse into multinucleated giant cells ( Figure 5A ) and are generated from infiltrating monocytes/tissue macrophages (30) , which are clearly present in our mouse model of granuloma formation ( Figure 1E) . We also observed an increase in dendritic cells in the lung ( Figure 1E ) after P. acnes administration, and, interestingly, some patients with the granulomatous disease sarcoidosis also have increased dendritic cells in their bronchoalveolar lavage fluid (31). The mice administered P. acnes also had, together with granuloma formation, an increase in T cells, dendritic cells, and tissue macrophages/monocytes in their lungs ( Figures 1D and 1E) , similar to the lungs of patients with sarcoidosis (32) .
The development of this rapid and reproducible mouse model of early pulmonary granuloma formation allowed us to investigate the innate mechanisms of granuloma formation. Because of conflicting reports on the role of various TLR gene polymorphisms in human populations regarding susceptibility to sarcoidosis (21, (33) (34) (35) (36) , we attempted to investigate the role of multiple TLRs simultaneously by using MyD88, a downstream adapter molecule in proinflammatory TLR/IL1R superfamily signaling (23) . At least one targeted gene study has linked polymorphisms in MyD88 with susceptibility to sarcoidosis in a human population (37) . We observed a significant increase in granuloma number and granuloma size after P. acnes treatment in the absence of MyD88 signaling, compared with in wild-type mice (Figure 3 ). This suggests that MyD88 signaling plays a role in the prevention of granulomas and that its absence results in an increase in granuloma size and number. This may explain, at least in part, the increased sarcoidosis susceptibility observed in humans with MyD88 polymorphisms (37) .
To investigate the differences between Wt and Myd88 2/2 mouse granuloma formation, the lungs of Wt mice and Myd88 2/2 mice were compared for differences in cellular recruitment after P. acnes administration. Early after P. acnes administration, Wt mice experienced a large influx of neutrophils representing z65% of the viable lung cells, whereas this response was significantly impaired in -/-**** Figure 4 . P. acnes drives MyD88-dependent proinflammatory mediator production. Wt and Myd88 2/2 mice were administered 10 9 viable P. acnes intratracheally and were killed after (A) 3 days or (B) 6 hours to look at early cellular recruitment and proinflammatory mediator production. Single-cell suspension of lung digest was stained for myeloid cell types: AM, TM/MO, DC, and PMN. Six hours after P. acnes administration, the lungs were homogenized and analyzed for the level of CXCL1, CXCL2, and IL-1a in lung homogenate. (B) Background levels of naive lung homogenate were subtracted from each mouse genotype. Statistical significance was determined using multiple t tests (A) and two-way analysis of variance with Sidak's multiple comparisons (B). ***P , 0.0005, ****P , 0.0001. CXCL, CXC chemokine ligand.
also had increased levels of neutrophil chemoattractants CXCL1 and CXCL2, and proinflammatory IL-1a ( Figure 4B ), early after P. acnes administration. It is interesting to note that together with many other proinflammatory roles, IL-1a is also involved in neutrophil recruitment and priming (38) . These data suggest that neutrophils are recruited preferentially in response to P. acnes treatment and that recruitment is a result of MyD88-dependent production of cytokines and chemokines.
The cause of sarcoidosis is a complex immune paradox consisting of a localized hyperinflammatory environment coupled with peripheral anergy (39) . Despite the evidence that granulomas form in response to persistent antigen stimulation (40) , and that this antigen is likely bacterial in origin (10) , most work on sarcoidosis has centered on T cells and, to a lesser extent, tissue macrophages and dendritic cells (41) . A few reports suggest that the presence of neutrophils in the lung may be diagnostic of progressive sarcoid disease and poor patient outcome (42, 43) , which correlates with our data showing an increase of neutrophils in Wt mice ( Figure 4A ) and a rapid increase in neutrophil recruitment chemokines in the lung ( Figure 4C ) after P. acnes treatment. The heightened presence of neutrophils in the lungs of both patients with sarcoidosis and Wt mice early after P. acnes administration may be an indicator of bacterial load.
The alveoli of the lung are occupied by alveolar macrophages, which are highly phagocytic, representing the first line of defense in pulmonary infections, as well as in the clearance of debris. In contrast to their counterparts in other organs, alveolar macrophages dampen inflammatory signals to prevent the damage to lung architecture that would occur with an unnecessary inflammatory immune response. However, when the alveolar macrophages are unable to handle the antigenic burden, the alveolar macrophages play a prominent role in coordinating an immune response by recruiting neutrophils, together with other cells, to the lung (44) . Alveolar macrophages in Myd88 2/2 mice are known to be deficient in the production of innate early proinflammatory signals (45) . Stimulation of ex vivo alveolar macrophages from Wt mice with P. acnes resulted in a robust dose-dependent production of TNF-a and, consistent with other findings (46), this TNF-a production was completely abolished in Myd88 2/2 mice ( Figure E5 ). This shows that, together with the lack of CXCL1, CXCL2, and IL-1a, Myd88 2/2 mice have widespread defects in P. acnes-driven proinflammatory signaling Figure 5 . Increased granulomas in Cybb 2/2 mice. Cybb 2/2 mice were administered 10 9 viable P. acnes intratracheally and were killed after 9 days to test the role of CybB/Nox2 in granuloma formation. Naive Cybb 2/2 mice were used as control mice. (A) Naive (top left) and P. acnesadministered (bottom left) Cybb 2/2 mouse lungs were removed, fixed, embedded, and examined for granulomas (black arrowheads) via hematoxylin and eosin staining at low magnification (left). Scale bars: 600 mm. At higher magnification in P. acnes-administered mice (right), epithelioid macrophages (red arrowhead) and lymphoid cells (blue arrowhead), together with giant cells (green arrowhead), can be observed. Scale bar: 100 mm. Granuloma (B) numbers and (C) area were quantified using pattern recognition software SIVQ from three tissue sections 200 mm apart; each individual data point represents the average of those measurements per mouse. (D and E) Naive and P. acnes-administered lungs from Cybb 2/2 mice were perfused with phosphate-buffered saline, digested into single-cell suspensions, analyzed for cell type composition via flow cytometry, and gated as described in MATERIALS AND METHODS. The number of total viable (D) lymphoid and (E) myeloid cells is shown. Lymphoid cells are CD4 1 , CD8 1 T cells, and B cells; myeloid cells are AM, TM/MO, DC, and PMN. Statistical significance was determined using unpaired t tests (B), Mann-Whitney tests (C), and multiple t tests (D and E). ***P , 0.005, and ****P , 0.0001.
that is mediated at least in part by alveolar macrophages. This proinflammatory signaling defect in Myd88 2/2 mice results in defective neutrophil recruitment (Figure 4) , implicating neutrophils in the development of granulomas. However, when Wt mice were treated with neutrophil-depleting antibody 1A8 and were administered P. acnes, there was no difference in the number or area of granulomas despite a significant reduction in neutrophils ( Figure E3 ). These data may be explained by one of three scenarios: (1) neutrophils were not required for granuloma formation, (2) the low levels of neutrophils remaining after depletion were sufficient for granuloma formation, or (3) other cells were able to compensate for the neutrophil deficiency.
The enhanced granuloma phenotype we observed in Myd88 2/2 mice, together with defective early proinflammatory cytokine production, led us to the hypothesis that bacterial killing and clearance was key to granuloma formation. To test this hypothesis, we used Cybb 2/2 mice that are unable to produce ROS, a major component of both alveolar macrophage and neutrophil-mediated bacterial killing (28, 47) . In our P. acnes-driven model of granuloma formation, Cybb 2/2 mice had dramatically increased granuloma formation ( Figure  5A ), with no defect in neutrophil recruitment ( Figure E6 ), demonstrating that a lack of phagosome NADPH oxidasemediated bacterial clearance increased granuloma formation. Interestingly, others have observed an increase in Nox2 (CybB) messenger RNA in tissue biopsy specimens from sarcoidosis-specific granulomas (48) . These data are also consistent with the results of a recent unbiased genome-wide association study identifying Rab23, a component of bacterial killing mediated through phagolysosome fusion, as a risk factor for sarcoidosis (49) . Furthermore, we observed an increase in the persistence of P. acnes in the lungs of Myd88 2/2 and Cybb 2/2 mice compared with Wt mice after bacterial administration, through both P. acnes colocalization in the granulomas (Figures 6A-6C ) and P. acnes bacterial burden in the lung ( Figure 6D ). This defect in P. acnes clearance can be observed dramatically in P. acnes-stained lung sections from Cybb 2/2 mice, where macrophages are laden with P. acnes ( Figure 6C ). This additional bacterial burden in Myd88 2/2 mice most likely drives the enhanced inflammatory cell recruitment through MyD88-independent signaling, which results in the increased granuloma formation observed in these mice (Figure 3 ). These data are consistent with recent reports that a broad-spectrum antimycobacterial therapy can yield clinical improvement in patients with sarcoidosis (50) and suggest that the , and (C) Cybb 2/2 mice were administered 10 9 viable P. acnes intratracheally and were killed after 9 days. Serial sections of P. acnes-administered mouse lungs were removed, fixed, embedded, and examined for granuloma formation (black arrowheads) via hematoxylin and eosin staining at low magnification (left upper panels) and PAB (right upper panels). PAB staining (brown) can be observed (red arrowheads, bottom panels). Three days after P. acnes administration, Wt, Myd88 2/2 , and Cybb 2/2 mouse lungs were homogenized, plated, and grown on Schaedler agar. (D) CFU were enumerated. Statistical significance was determined using the Kruskal-Wallis test with multiple comparisons. **P , 0.01, ****P , 0.0001. H&E, hematoxylin and eosin; ns, not significant; PAB, P. acnes-specific stain.
increased presence of bacteria contributes to the development of granuloma formation. Either way, it is clear that the consequence of defective bacterial clearance via production of ROS by CybB or defective proinflammatory signaling via MyD88 can promote granuloma development in mice administered P. acnes.
Conclusions
In summary, we have generated a mouse model of early granuloma formation through intratracheal administration of live P. acnes directly into the lungs of mice. These mice generate pulmonary granulomas with no experimental manipulation of P. acnes itself or of the immune system, such as adjuvants or multiple sensitizations. Furthermore, after P. acnes administration, these mice have increased numbers of T cells, tissue macrophages/monocytes, dendritic cells, and neutrophils in their lungs, which correspond to the composition of human sarcoid granulomas. In addition, soon after P. acnes administration, neutrophils and neutrophil-recruiting chemokines are produced in the lung in a MyD88-dependent manner. Mice deficient in innate proinflammatory signaling (Myd88 2/2 ) and ROS-dependent bacterial killing (Cybb 2/2 ) produce significantly more granulomas than do Wt mice, which is most likely because of an increased presence of bacterial antigen in their lungs. This study therefore provides a sorely needed animal model of early granuloma formation and lays a foundation for future investigations into the role of innate immunity in the development of granulomas. n Author disclosures are available with the text of this article at www.atsjournals.org.
